nomena that are difficult to accommodate in Reynolds-averaged approaches, such as large-scale unsteadiness. There is a wide and rapidly growing body of evidence that demonstrates quantitative advantages of LES in modeling studies of laboratory flames [1, 2] and in applications to gas-turbine combustors [3] [4] [5] , IC engines [6] [7] [8] , and other combustion systems. LES, therefore, promises to be accurate and computationally feasible tool for investigations of TRI in chemically reacting, turbulent flows.
The importance of TRI has long been recognized [9] [10] [11] [12] [13] [14] [15] [16] . Studies have shown that the effects of TRI can be as significant as those of turbulence−chemistry interactions. TRI is known to result in higher heat loss due to increased radiative emission, reduced temperatures and, consequently, significant changes in key pollutant species (particularly NOx and soot) in chemically reacting turbulent flows. Faeth and Gore and coworkers [12] [13] [14] [15] [16] have shown that, with the inclusion of TRI, radiative emission from a flame may be 50% to 300% higher (depending on the type of fuel) than that expected with radiation but no TRI. With consideration of TRI Coelho [17] reported a nearly 50% increase in radiative heat loss for a nonpremixed methane-air turbulent jet flame; Tessé et al. [18] reported a 30% increase in the radiative heat loss for a sooty nonpremixed ethylene-air turbulent jet flame. Modest and coworkers [19, 20] observed about 30% increase in the radiative heat flux with TRI in their studies of nonpremixed turbulent jet flames. Wu et al. [21] conducted direct numerical simulation (DNS) of an idealized one-dimensional premixed turbulent flame to study TRI along with a high-order photon Monte Carlo scheme (of order commensurate with the underlying DNS code) to calculate the radiative heat source. They isolated and quantified the various contributions to TRI for different optical thicknesses. Deshmukh et al. [22] applied the same approach to DNS of an idealized, statistically homogeneous, nonpremixed system with full consideration of TRI. Frankel et al. [23] performed large-eddy simulation of an idealized nonpremixed jet flame using the optically thin eddy approximation [24] and treating emission TRI through a filtered mass density function (FMDF) approach. Coelho [25] surveyed various computational approaches to account for TRI and reviewed TRI studies based on those approaches.
In this work large-eddy simulation with a P1 radiation model is used to isolate and quantify TRI effects for a range of optical thicknesses for nonreacting and reacting channel flow configurations.
The objectives are to provide fundamental physical insight into TRI in chemically reacting flows and to provide guidance for model development, and to establish the suitability of LES for investigating TRI in chemically reacting flows. The remainder of this paper is organized as follows: Section 2 presents the underlying theory behind turbulent-radiation interactions; the problem formulation is outlined in Section 3; results and discussion for the two configurations are presented in Section 4, followed by conclusions in Section 5.
THERMAL RADIATION AND TURBULENCE-RADIATION INTERACTIONS (TRI)
The radiative source term in the instantaneous energy equation is expressed as the divergence of the radiative heat flux. For a gray medium,
where κ P is the Planck-mean absorption coefficient, σ is the Stefan-Boltzmann constant, and G ≡
4π
IdΩ is the direction-integrated intensity, or incident radiation, which is obtained by solving the radiative transfer equation (RTE) [26] . The radiative source term consists of an emission part and an absorption part: these are the first and second terms on the right-hand side of Eq. (1), respectively.
TRI can be brought into evidence by taking the mean of Eq. (1):
In the emission term, TRI appears as a correlation between the Planck-mean absorption coefficient and the fourth power of temperature:
, where a prime denotes a fluctuation about the local mean. The presence of TRI in the emission term is further manifested in the temperature self-correlation ( T 4 T 4 ). In the absorption term, TRI appears as a correlation between the Planck-mean absorption coefficient and the incident radiation:
In the present study, we explore the effects of resolved-scale fluctuations on mean and rms temperature profiles and their contribution to TRI using LES. With˜denoting a filtered (resolvedscale) value, the principal quantities examined are the mean ( T ) and rms ( T 2 ) temperature profiles, the normalized temperature self-correlation ( T 4 / T 4 ), the Planck-mean absorption coefficient and simplified Planck function (i.e., T 4 ) correlation ( κ PT 4 / κ P T 4 ), and the Planckmean absorption coefficient and incident radiation correlation ( κ PG / κ P G ). In the absence of TRI, each of the latter two quantities would be equal to unity. The expression for temperature self-correlation indicates that in the presence of thermal radiation there would always be TRI for the level of turbulent fluctuations seen in reacting flows. The departures of each of the correlations, stated above, from unity allow different contributions to TRI to be isolated and quantified.
In the remainder of the paper, the˜notation is dropped for clarity, and all quantities correspond to resolved-scale values, unless noted otherwise.
A nondimensional optical thickness κ P L is introduced, where L is an appropriate length scale.
Previous studies [24, 27, 28] have suggested that the fluctuations in κ P (determined by local properties) and in incident radiation G (a nonlocal quantity) are uncorrelated (i.e., κ P G ≈ κ P G ) if the mean free path for radiation is much larger than the turbulence eddy scale. This is the optically thin fluctuation approximation, or OTFA (κ P L 1). At the other extreme (κ P L 1), the optical thickness may be large compared to all hydrodynamic scales and chemical scales. In that case, the fluctuations in intensity are generated locally and are expected to be correlated strongly with those of the absorption coefficient. A diffusion approximation [26] can be used to model such cases. Between the two extremes are the cases where the smallest scales (Kolmogorov scales and/or flame thickness) are optically thin while the largest (integral scales) are optically thick. Modeling of such transitional cases is an outstanding challenge in TRI, and is a primary motivation for this study.
PROBLEM FORMULATION

Geometric Configuration
A statistically stationary and one-dimensional turbulent planar channel flow is considered. Turbulent channel flow is a classic configuration in the study of fluid dynamics, and has been the subject of numerous DNS and LES investigations [29] [30] [31] [32] . This configuration has also been used to study passive scalar statistics [33] . Moreover, a channel domain is a logical extension of classical one-dimensional 'slab' problems often used in the study of radiation heat transfer.
The computational domain is a rectangular box with dimensions (2π, 2, π) in some unit H in the x−, y− and z−directions, respectively ( 
Physical and Numerical Models
CFD Code OpenFOAM [34, 35] , an open-source CFD code, has been used to perform the large-eddy simulation for this configuration. The code has been validated by comparing computed mean and rms velocity profiles with published DNS data from the literature for the same Reynolds number (Re τ = 180, where Re τ is a Reynolds number based on the wall-friction velocity) [29] .
This included a mesh-size and time step sensitivity study, and a comparison of results obtained in the presence or absence of an explicit subfilter-scale (SFS) turbulence model [36] . A second study confirmed that computed mean and rms passive scalar statistics are in good agreement with DNS data [33] . While the code might not suffice for high-fidelity LES of near-wall turbulence dynamics, it is quite satisfactory for generating a reasonable level of temperature and composition fluctuations for the present purpose of studying thermal radiation and TRI. Quantitative comparisons between LES and DNS mean and rms temperature (passive scalar) profiles are shown in Fig 
Here q w is the wall heat flux, c P is the specific heat, k is the thermal conductivity, and u τ is the wall-friction velocity. The LES rms temperature profile in the absence of a subfilter-scale (SFS) model is within 10% of the DNS data. The maximum temperature fluctuations are at the centerline of the channel, in contrast to the near-wall maximum that is seen for the velocity fluctuations [29] .
This is due to the nonzero mean temperature gradient at the centerline of the channel, which results in the production of temperature fluctuations at that location. Physical Models An incompressible formulation is used. There is no feedback of thermochemistry to the hydrodynamics. The body force and fluid properties are set to achieve the desired Reynolds number (Re τ = 186) [33] , where Re τ is defined as
u τ is given by τ w /ρ, and τ w is the shear stress at the wall. The kinematic viscosity, ν, is calculated using Eq. (4) with u τ equal to unity. The wall-friction velocity, u τ , is also used to determine the total wall friction and thus the magnitude of the streamwise body force that is required to sustain the flow.
For the nonreacting case, the top and bottom walls are isothermal at temperatures of 900 K and 1500 K, respectively (Fig. 1a) . The laminar Prandtl number is set to 0.7. The channel boundaries in the spanwise and streamwise directions are periodic. The top and bottom walls are treated as black and diffuse for thermal radiation computations. The participating medium has a Planck-mean absorption coefficient of the form
where the coefficients c 0 to c 5 and A have been taken from a radiation model suggested for water vapor [38] . Here C κ is a coefficient that allows the optical thickness to be varied systematically and independently of the other parameters. The values of C κ used in this study are: 0.0005, 0.005, 0.05, 2.5, and 50. The Planck-mean absorption coefficient has an inverse temperature dependence and it varies up to a factor of three over the temperature range of interest.
For the reacting case, the species fields are superposed on the flow field; i.e., the hydrodynamics is solved as in the nonreacting case and the flow field is used to transport species through the channel. The species and the energy variables are periodic only for the channel boundaries in the spanwise direction; fixed-value inlet and zero-gradient outlet boundaries are used in the streamwise directions for species and energy variables.
A nonpremixed system with one-step, irreversible, infinitely fast chemistry is considered:
A conserved scalar mixture fraction formulation is used where ξ = 0.0 for pure oxidizer, ξ = 1.0 for pure fuel, and ξ = ξ st = 0.5 for pure products. The Lewis number is set to unity.
A mixture-fraction profile is specified at the channel inlet, with ξ = 1 (pure fuel) near the upper (y = +H) wall, ξ = 0 (pure oxidizer) near the lower (y = −H) wall, and a narrow transition zone around y = 0:
A zero-normal-gradient boundary condition is used for the mixture fraction at the channel outlet, and at the top and the bottom walls. Species mass fractions Y F , Y O , and Y P are simple piecewise linear functions of ξ, as shown in Fig. 3 . In the absence of thermal radiation, the temperature also is a piecewise linear function of mixture fraction, and has a functional dependence exactly similar to that for pure products. This piecewise linear function along with the inlet mixture-fraction profile (Eq. 7) is used to calculate the temperature distribution at the inlet. In the presence of thermal radiation, however, a separate energy (enthalpy) equation is solved. The specific absolute mixture enthalpy h is:
where h • α is the formation enthalpy of species α, Y α is its mass fraction, C pα is its specific heat, and T is the temperature. At the channel inlet, a profile for enthalpy is calculated from the above expression and is assigned as the inlet boundary condition. The specific absolute enthalpy is assumed to have a zero gradient at the outlet. The channel walls are thermally insulated; there is zero net heat flux to the wall:
where q rad is the net radiative heat flux to the wall, q diff is the diffusive heat flux to the wall, andn is the outward unit-normal vector at the wall.
The RTE is solved for incident radiation G using a P1 spherical harmonics method, requiring the solution of an elliptic PDE [26] ,
Here I b is the Planck function, and Γ is the optical diffusivity of the medium which for a nonscattering medium, is given by
For the reacting case the channel walls again are black and diffuse. The inlet is assumed to act as a black wall at the local temperature. The channel outlet is assumed to be radiatively insulated, with zero gradient for the incident radiation at the outlet boundary.
The participating medium has a Planck-mean absorption coefficient that is similar to Eq. (5), but includes an explicit dependence on product mass fraction (Y P ):
where κ Pmin is a very small absorption coefficient (∼ 0.01). The values of C κ used in this study are:
0.0008, 0.008, 0.08, 0.16, 0.8, 4, and 16.
RESULTS AND DISCUSSION
For each configuration, results are presented for different optical thicknesses τ. Here τ is defined as
for the nonreacting case
, for the reacting case (13) where H is the half-channel height and y = 0 is the channel center-line location.
In each case, the initial flow field consisted of uniform streamwise velocity with high velocities in the wall-normal and spanwise directions in a small region at the core of the channel to promote the production of turbulence. A statistically stationary turbulent flow field was established by allowing the initial flow field to develop for approximately 100 flow-through times. The temperature (or mixture-fraction in the reacting configuration) field was introduced only after establishing the statistically stationary turbulent flow field. The initial temperature field used in nonreacting configuration was simply a linear profile between the two walls. The initial mixture-fraction field used in reacting configuration was the inlet mixture-fraction profile of Eq. (7) propagated through the entire channel. The temperature field (or mixture-fraction) was then allowed to evolve for approximately 40-50 flow-through times before switching on thermal radiation, and the system was allowed to evolve for another 70-80 flow-through times to establish statistically stationary fields.
Averaging was performed over approximately 100 flow-through times to get proper time-averaged statistics.
Configuration I: Nonreacting turbulent planar channel flow
For this statistically stationary and statistically one-dimensional configuration, mean quantities correspond to averages over time and over planes parallel to the walls. Computed mean temperature profiles in the absence of radiation and for different optical thicknesses are shown in Fig. 4 .
As thermal radiation is introduced, initially (optically very thin medium, τ = 0.01) most of the thermal radiative energy emitted by the hot wall penetrates through the medium and only a small amount is absorbed. The mean temperature increases slightly from the no-radiation case, with the departure increasing steadily from the hot wall to the cold wall. This can be explained from the inverse-temperature-dependence of the Planck-mean absorption coefficient: the low-temperature zones have a higher absorption coefficient. With an increase in optical thickness (τ = 0.1), most of the thermal energy radiated by the hot wall still penetrates through the medium near the hot wall, but is absorbed near the cold wall. In this case, the mean temperature profile deviates significantly from the no-radiation case. As the optical thickness is increased further (τ = 1.0), the medium near the hot wall also has a large absorption coefficient and absorbs some of the radiative energy emitted by the hot wall. For this case, significant radiative energy still reaches the region near the cold wall resulting in large temperature departures from the no-radiation case. A further increase in optical thickness (τ = 50) results in most of the emitted thermal energy getting absorbed in the region near the hot wall, and the departure from the no-radiation mean temperature distribution has a decreasing trend as one moves from hot wall to cold wall. With further increase in the optical thickness (τ = 1250), the medium becomes essentially opaque and any radiation emitted is absorbed locally close to the point of emission, and the mean temperature distribution approaches the no-radiation temperature distribution. In the limit of large optical thickness, thermal radiation acts as a diffusive process with a diffusivity proportional to 4σT 3 /3κ R , where κ R is a Rosseland-mean absorption coefficient [26] . For large κ R the diffusivity due to thermal radiation is negligible, and the mean and rms temperature profiles in the optically thick limit are the same as those in the no-radiation case.
Both emission TRI and absorption TRI are negligible for this case (not shown). This is con-sistent with findings from earlier studies for nonreacting turbulent flows [11, 39, 40] The mean temperature profiles at the exit of the computational domain (x = 2πH) are shown in Fig. 5 . The mean temperature peaks at the center of the channel, and drops to 300 K away from the flame. When thermal radiation is considered the flame loses heat due to radiative energy emission that heats up the adiabatic walls. Because of the heat loss from the flame, the flame core temperature is decreased while the temperature of the gas adjacent to the heated walls increases due to the formation of a thermal boundary layer. As the optical thickness increases, the flame loses more heat resulting in higher wall temperatures and further reduction of the flame core mean temperature. However, for very large optical thicknesses, emitted radiation is absorbed locally and the mean temperature profile returns to that of the no-radiation case.
The rms temperature profiles at x = 2πH are shown in Fig. 6 for different optical thicknesses.
Turbulent flapping of the flame about the center-plane of the channel causes large variations in temperature near the edges of the flame and gives rise to a double-peak profile. Thermal radiation significantly alters the temperature fluctuations in the core of the flame.
The temperature self-correlation at the exit is shown in Fig. 7 . The shape of the profile can be attributed to the two-peak structure of the rms temperature. The location of the peak depends on the level of temperature fluctuations relative to the mean temperature. Like the rms temperatures, initially the temperature self-correlation decreases with increasing optical thickness and, once the optical thickness attains a sufficiently high value, the temperature self-correlation increases again with increasing optical thickness. The temperature self-correlation is found to be significant for all optical thicknesses considered, due to the high level of temperature fluctuations in the presence of chemical reactions. Figure 8 (a) presents the contribution to emission TRI of the correlation between Planck-mean absorption coefficient and fourth power of temperature at the x = 2πH location. This contribution to emission TRI is found to be significant for all optical thicknesses studied except for the optically very thin case (τ = 0.02). The behavior and shape of the correlation can be explained from the assumed functional dependence of the Planck-mean absorption coefficient on temperature and Y P : κ P is inversely proportional to temperature, but directly proportional to Y P . Therefore, the fluctuations in temperature and κ P are negatively correlated at constant Y P , and fluctuations in product mass fraction and κ P are positively correlated at constant temperature. These two opposing phenomena compete with one another to determine the overall correlation. In the region near the flame edge the temperature fluctuations have a dominant impact on κ P fluctuations, thereby resulting in a correlation less than unity. Similarly, in regions slightly away from the flame edge, Y P fluctuations are dominant resulting in correlations much greater than unity. However, it is important to realize that the region where the κ P -T 4 correlation is most significant has about two orders of magnitude lower mean emission than the maximum mean emission, which occurs at y = 0, as seen in Fig. 8(b) . The κ P -T 4 correlation is close to unity at y = 0, whereas at the same location the temperature self-correlation is close to 2 as seen in Fig. 7 . These numbers and the plots for temperature self-correlation, the κ P -T 4 correlation and for mean heat emission indicate that here the temperature self-correlation is the dominant contributor to emission TRI.
Absorption TRI at x = 2πH is shown in Fig. 9(a) for different optical thicknesses, and is seen to be negligible for optically thin flames, consistent with the OTFA (optically thin fluctuation approximation). Absorption TRI becomes significant at higher optical thicknesses; there thermal radiation travels relatively short distances, and the local incident radiation has some correlation with local emission and, therefore, with the local Planck-mean absorption coefficient. Regions where the κ P -G correlation is most significant have one-to-two orders of magnitude lower mean absorption rates than the maximum mean absorption rate, as seen in Fig. 9 (b).
The plots for temperature self-correlation, the κ P -T 4 correlation and the κ P -G correlation 
